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The nonstructural protein 2C is highly conserved among picornaviruses and plays an important role in the assembly of mature virions,
membrane association, and viral RNA synthesis. The investigation of other potential functions of nonstructural protein 2C from avian
encephalomyelitis virus (AEV) resulted in identifying for the first time that the protein 2C is involved in apoptosis. Expression of the protein
2C on chick embryo brain (CEB) and Cos-7 cells produced TUNEL-positive cells characterized by a cleavage of cellular DNA and the
formation of membrane-enclosed apoptotic bodies. Analysis of the protein 2C showed that the N-terminal domain containing 35 amino acid
(aa) residues (between 46 and 80 aa) is associated with apoptotic function. Transfection of the deletion mutant lacking this 35 aa’s into CEB
and Cos-7 cells failed to induce apoptosis. Furthermore, the protein 2C induced apoptosis in the transfected CEB and Cos-7 cells through
activation of caspase-9 rather than caspase-8 followed by activation of caspase-3 pathway. Analysis of the Western blots of caspase-3 and
caspase-9 showed the characteristics of active caspase-3 and -9 in the 2C-transfected CEB and Cos-7 cells as seen in the AEV-infected CEB
cells while they were in the form of procaspase-3 and procaspase-9 in the 2C mutant-transfected cells. To further elucidate the mechanism of
the 2C-induced apoptosis, the 2C-transfected CEB and Cos-7 cells were fractionated into mitochondria and cytosol and subjected for Western
blotting, located cytochrome c in the mitochondria as well as the cytosol fractions, while it was only sequestered in the mitochondrial fraction
in the mutant 2C-transfected cells. The protein 2C was located in the mitochondria and cytosol of the transfected/infected CEB and
transfected Cos-7 cells, but the mutant lost its ability to localize to the mitochondria. Altogether, the results demonstrate that the protein 2C
localized to the mitochondria of the transfected cells triggered the efflux of cytochrome c into the cytosol in turn activating the upstream
caspase-9 and then the downstream caspase-3, thus leading to apoptosis in the cells.
D 2003 Elsevier Inc. All rights reserved.Keywords: Avian encephalomyelitis virus nonstructural protein 2C; Apoptosis; Caspase activities; Cytochrome c; Mitochondria and cytosol; Chick embryo
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Introduction lytically processed by viral proteases to generate matureAvian encephalomyelitis virus (AEV) is non-enveloped
icosahedral single-stranded RNA virus belonging to the
Picornaviridae family, which is pathogenic to young chick-
ens, pheasants, quails, and turkeys, resulting in reduced
hatching and infected chicks characterized by tremors or
ataxia between 1 and 7 days of age (Calnek et al., 1997).
The AEV genome, which has a length of 7058 bases,
contains a single open reading frame (ORF) encoding a
large polyprotein of 2143 amino acids (aa’s) that is proteo-0042-6822/$ - see front matter D 2003 Elsevier Inc. All rights reserved.
doi:10.1016/j.virol.2003.09.012
* Corresponding author. Animal Health Biotechnology Unit, Temasek
Life Sciences Laboratory, The National University of Singapore, 1
Research Link, 117604 Singapore. Fax: +65-68727007.
E-mail address: kwang@tll.org.sg (J. Kwang).proteins (Marvil et al., 1999). Like other picornaviruses,
AEV P1 region also encodes for four structural proteins
(VP4–VP2–VP3–VP1), while P2 and P3 regions encode
for seven nonstructural proteins (2A–C and 3A–D), re-
spectively (Marvil et al., 1999). In poliovirus, nonstructural
proteins in P2 and P3 regions may be associated with
polyprotein processing, cleavage and maturation, and viral
RNA replication (Muir et al., 1998). The 2C protein
encoded by the P2 region of the polyprotein is highly
conserved viral protein among picornaviruses (Gorbalenya
et al., 1989; Marvil et al., 1999), which has been considered
to be directly involved in RNA replication (Cho et al., 1994;
Teterina et al., 1997a, 1997b), the assembly of mature
virions (Vance et al., 1997), ATPase and GTPase (Mirzayan
and Wimmer, 1994; Pfister and Wimmer, 1999; Rodriguez
and Carrasco, 1993), membrane-binding (Aldabe and Car-
J. Liu et al. / Virology 318 (2004) 169–182170rasco, 1995; Echeverri and Dasgupta, 1995; Kusov et al.,
1998), and RNA-binding activities (Rodriguez and Carra-
sco, 1995).
Apoptosis is a genetically programmed, morphologically
distinct form of cell death that can be triggered by a variety
of physiological and pathological stimuli (Roulston et al.,
1999). It is defined as a physiological cell suicide process
alternative to necrosis and is characterized morphologically
by DNA aggregation and by the formation of membrane-
enclosed apoptotic bodies and blebs containing well-pre-
served organelles (Budihardjo et al., 1999). Caspases, a
family of cysteine-dependent aspartate-directed proteases,
play critical roles in initiation and execution of apoptosis by
cleaving a large number of proteins, which in turn lead to
the typical morphology of apoptosis (Cryns and Yuan, 1998;
Earnshaw et al., 1999; Green, 1998; Nunez et al., 1998;
Thornberry and Lazebnik, 1998). Caspases have been
divided into initiators and effectors, based on their place
in the caspase cascade. The initiators (caspase-8, -9, and
-10) are activated by their own intrinsic autocatalytic
activity with the help of other proteins with which they
form complexes known as apoptosomes (Green, 1998). The
effectors (caspase-3, -6, and -7) are activated via the action
of the initiators and are responsible for the characteristic
morphological changes of apoptosis. Initiating events of the
caspase cascade have been well characterized, and one of
which is the Fas-associating protein with death domain
(FADD) adaptor-mediated recruitment of procaspase-8 to
Fas-ligand-bound, multimerized Fas receptors (CD95, Apo-
1), leading to caspase-8 activation consecutively resulting in
cleavage of the effector caspase-3 and -7 (Ashkenazi and
Dixit, 1998; Peter and Krammer, 1998; Schulze-Osthoff et
al., 1998). The other one is mitochondria that are often
involved in the control of caspase activation in the apoptotic
cascade (Desagher and Martinou, 2000; Mignotte and
Vayssiere, 1998). Apoptosis mediated by mitochondria that
is accompanied by prominent change in this organelle, such
as the efflux into the cytosol of several proteins, particularlyFig. 1. Schematic analysis of avian encephalomyelitis virus 2C protein. The 2C pro
region associated with an apoptotic domain in the amino acid residues between 46
to amino acid positions in the 2C protein of the strain L2Z. (I) shows a schema
alignment of the 35 aa domain of the 2C protein with Apaf-1 and is found to hacytochrome c, that are normally sequestered in the inter-
membrane space, leads to a conformational change of the
adaptor molecule apoptotic protease activating factor-1
(Apaf-1) causing multimerization and autocleavage of cas-
pase-9, followed by cleavage of the effector caspases
(Green and Reed, 1998; Sun et al., 1999).
Many viruses induce apoptosis as part of their natural life
cycle (Noteborn et al., 1994; Roulston et al., 1999). Apo-
ptosis may be an important mechanism for the release and
dissemination of host cell-produced progeny virions by
minimizing inflammatory or immune responses to the viral
agent. On the other hand, virus-induced apoptosis could be
regarded as a defense strategy of multicellular host organ-
isms for the purposeful destruction of infected cells. Most
viruses that are known to induce apoptotic cell death trigger
the activation of the caspase cascade for the execution
process of the death program. Among the picornaviruses,
poliovirus has been shown to induce apoptosis in vivo or in
vitro cell culture (Agol et al., 1998; Ammendolia et al.,
1999; Girard et al., 1999; Lopez-Guerrero et al., 2000;
Tolskaya et al., 1995). Poliovirus infection activates the
apoptotic pathway, involving mitochondrial damage, cyto-
chrome c efflux, and consecutive activation of caspase-9
and -3 (Belov et al., 2003). Coxsackievirus B3 causes
apoptosis in HeLa cells that is inhibited by zVAD-fmk (a
pan-caspase inhibitor) (Carthy et al., 1998). Theiler’s mu-
rine encephalomyelitis virus (TMEV) (Jelachich and Lipton,
1996) and hepatitis A virus (Brack et al., 1998) induce
apoptosis that correlates with virulence and therefore may
determine whether the infection is persistent or acute. AEV
has now been identified to induce apoptosis in chick embryo
brain (CEB) tissues after infection and structural protein
VP3 served as an apoptotic inducer resulting in cell culture
through a caspase-3-like protease pathway (Liu et al., 2002).
Although considerable progress has been made in the
characterization of the functions of nonstructural protein
2C, whether the 2C protein could induce apoptosis in
cultured cells in picornaviruses has not been examined.tein of AEV virulent strain L2Z is predicted to contain a 35 amino acid (aa)
and 80 of the N-terminal by using sequence similarity search. Numbers refer
tic representation of the wild-type 2C and its deleted mutant. (II) shows a
ve 34% homology to each other.
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AEV 2C recombinant plasmid into chick embryo brain
(CEB) and Cos-7 cells and found for the first time that
the protein 2C could induce apoptosis in cultured cells. A
similarity search resulted in the identification of 35 aa
region, between 46 and 80 aa located in the N-terminal ofFig. 2. Detection of AEV nonstructural protein 2C gene expression in transfected C
and (E) and (F) indicate a direct fluorescence microscopic observation of Cos-7 an
empty vector at 24 h of post-transfection, respectively. (G) indicates IFA staining o
(H) was used as a negative control when mock-infected CEB cells were stained
microscopy. Magnification, 200 . (II) Total cell lysates from CEB and Cos-7 c
infected CEB cells were electrophoresed in a 12% SDS-PAGE, transferred to n
antibody. (A) and (B) indicate expression of the proteins 2C and 2C mutant in the
2C mutant (lanes 2 and 5), respectively. (C) indicates expression of 2C in the infe
vector (lanes 3 and 6) as well as the mock-infected CEB cells (lane 8) were indithe protein 2C, which is homologous to the caspase recruit-
ment domain of adapter protein Apaf-1 that is known to
mediate apoptosis. Our studies revealed that the 2C protein
indeed triggered apoptosis in cells through the efflux of
cytochrome c in the mitochondria into the cytosol followed
by activation of the upstream caspase-9 and the caspase-3os-7 and CEB cells or AEV-infected CEB cells. (I) (A) and (B), (C) and (D),
d CEB cells after transfection with the GFP-2C, GFP-2C mutant, and GFP
f CEB cells after infection with the AEV strain L2Z at 72 h of post-infection.
by IFA. The cells were visualized and photographed using fluorescence
ells transfected with the GFP-2C and GFP-2C mutant or AEV strain L2Z-
itrocellulose membrane, and detected by anti-guinea pig against GST-2C
CEB and Cos-7 cells transfected with the GFP-2C (lanes 1 and 4) and GFP-
cted CEB cells (lane 7). Lysates from cells that transfected the GFP empty
cated as negative controls.
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induce apoptosis.Fig. 3. Detection of cellular DNA fragmentation induced by transient
expressing 2C proteins in Cos-7 (A) and CEB (B) cells. DNA
fragmentation was detected using 2.0% agarose gel electrophoresis. DNA
samples were extracted from cells transfected with the GFP-2C (lanes 1 and
2) at 24 and 48 h of post-transfection, and the GFP-2C mutant (lane 3) and
the GFP alone (lane 4) at 48 h of post-transfection.Results
AEV 2C protein induces apoptosis in CEB and Cos-7 cells
The nonstructural protein 2C gene was cloned into
Escherichia coli vector pGEX4T-3 such that the recombi-
nant 2C protein fused with a 26-kDa glutathione S-trans-
ferase (GST) protein at the N-terminal and expressed as a
60-kDa GST-fused-2C protein under the control of the tac
promoter (data not shown). This recombinant protein was
confirmed by the Western blotting using the chicken anti-
AEV strain L2Z antiserum (Liu et al., 1998). The same
protein bands, which were consistent with Coomassie blue
staining, were detected by the strain L2Z antiserum on a
Western blot (data not shown), indicating that the recombi-
nant protein expressed was specific. In addition, no signal
that was detected in the vector control sample when reacted
with the antiserum (data not shown) further confirmed that
the recombinant 2C protein was specific to the virus and
used for the production of mono-specific antibody against
the protein 2C that was used in the following experiments.
For the protein 2C, a 35 aa (amino acids 46–80) domain
involved in apoptosis located at the N-terminal region of the
2C protein was identified by sequence similarity search
(Fig. 1). The 35 aa domain has 34% homology to Apaf at
the amino acid level, and their alignment was showed in Fig.
1II. The protein 2C and its mutant gene that lacked the 35
amino acids domain were cloned into a mammalian expres-
sion vector pEGFP-C1 under the control of the human
cytomegalovirus (HCMV) promoter. The CEB and Cos-7
cells were transfected with the 2C and its mutant plasmids,
and the expression of each protein was directly examined
under the fluorescence microscopy (Figs. 2IA–D) and
further confirmed by immunoblotting analysis using the
guinea pig anti-GST-2C antibody (Figs. 2IIA, B). After 24
h of post-transfection, the GFP-2C protein (Figs. 2IA, B)
was dispersed throughout the cytoplasmic region in a
manner slightly similar to the GFP-2C mutant protein (Figs.
2IC, D), while the GFP vector control showed a diffuse
distribution pattern (Figs. 2IE, F), regardless of the Cos-7 or
CEB cells. The expressing GFP-2C and GFP-2C mutant
proteins that fused with a 29-kDa GFP protein at the N-
terminal were identified to be the size of 62 and 59 kDa as
expected in a Western blotting (Figs. 2IIA, B), respectively,
while no signal was detected in the GFP control when
reacted with the guinea pig anti-GST-2C antibody (Figs.
2IIA, B). Furthermore, CEB cells infected with the AEV
virulent strain L2Z at 72 h were detected for the expression
of the protein 2C under a fluorescence microscopy by
indirect fluorescence assay (IFA) staining (Fig. 2IG) and
further confirmed by immunoblotting (Fig. 2IIC). The
protein 2C was localized to the infected cytoplasmic regionsimilar to that seen in transfected cells. These results
indicated that when 2C protein was synthesized during both
virus infection and transfection, it showed a similar distri-
bution in both Cos-7 and CEB cells.
To discern whether the 2C could cause apoptosis in CEB
and Cos-7 cells, the transient expression of the 2C and its
mutant was performed. At 24 and 48 h of post-transfection,
the cellular DNAs were extracted and analyzed by 2.0%
agarose gel electrophoresis. As shown in Fig. 3, a distinct
laddering effect was noticed, indicating nucleosomal frag-
mentation of DNA samples obtained from Cos-7 and CEB
cells transfected with the GFP-2C plasmid (Fig. 3A, lanes 1
and 2; B, lanes 1 and 2). In contrast, no significant DNA
degradation occurred in the samples obtained from the cells
transfected with the GFP-2C mutant (Fig. 3A, lane 3; 3B,
lane 3) or GFP vector alone (Fig. 3A, lane 4; 3B, lane 4).
The 2C-transfected cells were used to further confirm the
induction of apoptosis at the cellular level by TUNEL
labeling (Fig. 4). A number of TUNEL-positive cells
(brown signal) were detected in the GFP-2C-transfected
cells at 24 (Figs. 4B, E) and 48 h (Figs. 4C, F) post-
transfection. For Cos-7 cells, about 30% and 50% of the
transfected cells that are expressing 2C protein were apo-
ptotic at 24 and 48 h of post-transfection, respectively. In the
case of CEB cells, about 20% and 35% of the transfected
cells that are expressing 2C protein were apoptotic follow-
ing transfection with the GFP-2C plasmid at 24 and 48
h post-transfection, respectively. No appreciable levels of
TUNEL-positive cells were detected either in Cos-7 cells
(6%) or in CEB cells (4%) at 48 h after transfection with the
GFP-2C mutant plasmid. However, no TUNEL-positive
cells were found in the GFP vector-only-transfected cells
(Figs. 4A, C, and data not shown).
Fig. 4. Detection of apoptosis in Cos-7 and CEB cells by TUNEL labeling. Cos-7 or CEB cells were transfected with the plasmids GFP-2C, GFP-2C mutant,
and GFP alone. At 24 and 48 h of post-transfection, the cells were fixed and analyzed for detection of apoptosis by TUNEL staining, which detects the DNA
breakage (brown signal). (B) and (C), and (E) and (F) indicate TUNEL labeling of Cos-7 and CEB cells that were transfected with the GFP-2C at 24 and 48 h,
respectively. (A) and (D) indicate Cos-7 and CEB cells that were transfected at 48 h with the GFP alone and GFP-2C mutant, respectively. The cells in (A) to
(F) were visualized and photographed using microscopy. Magnification, 300 .
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Cos-7 cells were analyzed for their ultrastructural features.
At 16 h of post-transfection, the CEB and Cos-7 cells
transfected with the GFP-2C plasmids showed features
typical of programmed cell death, such as changes in the
density and distribution of chromatin, which condensed
peripherally into a crescent-shaped mass, and dilatation of
nuclear cisternae were observed (data not shown). At 24 h of
post-transfection, cells displayed the typical markers of
apoptotic cell death such as nuclear segmentation and
cytoplasmic derangement, which are responsible for the
formation of apoptotic bodies (Figs. 5B, D). At 48 h, cellsexhibited further nuclear fragmentation, leading to extensive
dispersion of apoptotic bodies (Fig. 5C, and data not
shown). In contrast, the GFP-2C mutant as well as the
GFP vector that transfected cells alone did not display
detectable alterations at ultrastructural level (Fig. 5A, and
data not shown).
Protein 2C induces activation of caspase in CEB and Cos-7
cells
Caspase activation plays a central role in the execution of
apoptosis. To characterize which caspases were involved in
Fig. 5. 2C and its mutant induced apoptosis observed by electron microscopy. (A) Transfected CEB cells with the GFP-2C mutant plasmid at 24 h of post-
transfection; the complete nucleus (N) displays a large, unique, electron-dense nucleolus (n). Mitochondria (M) are dispersed within the cytoplasm. (B and D)
CEB and Cos-7 cells at 24 h of post-transfection with the GFP-2C plasmids display typical markers of apoptosis such as swelling of mitochondria (M), nuclear
segmentation (long arrow), and cytoplasmic derangement (short arrow), which forms apoptotic bodies, respectively. (C) CEB cell at 48 h of post-transfection
with the GFP-2C plasmid displays further nuclear fragmentation, leading to the extensive dispersion of apoptotic bodies (scale bars, 2 Am).
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transfected with the GFP-2C or GFP vector alone, and
lysates of transfected cells were assayed for activities of
caspases-3, -8, and -9. The wild-type 2C protein induced
activation of caspase-9 and caspase-3 in both cells, whereas
it did not induce activation of caspase-8. The activities of
caspase-3 from Cos-7 and CEB cells transfected with the 2C
plasmids were 8.1 and 7.8 nmol/h (Fig. 6A), and caspase-9
activities in the 2C-transfected Cos-7 and CEB cells were
6.2 and 5.8 nmol/h (Fig. 6C), respectively. There were no
differences between Cos-7 and CEB cells expressing the 2C
protein, regardless of caspase-3 or caspase-9 activity. Fur-
thermore, when the 2C-transfected cells were treated with
Ac-DEVD-CHO, a peptide inhibitor of caspase-3 activity, or
LEHD-CHO, an inhibitor of caspase-9 activity, significant
reductions in the 2C protein-induced caspase activity in both
cells were observed (Figs. 6A, C). In contrast, the Cos-7 andCEB cells transfected with the GFP-2C showed low cas-
pase-8 activities compared to the cells transfected with the
GFP vector alone (Fig. 6B). IETD-fmk, an inhibitor of
caspase-8, did not produce any effect on the cells transfected
with the GFP-2C (Fig. 6B). To further discern whether there
is any specific domain of the protein 2C was associated with
its caspase activation, the 2C mutant that lacked a 35 amino
acids domain as predicted by computer analysis was trans-
fected into Cos-7 and CEB cells for determination of
caspase activity. The results clearly showed that the trans-
fected cells did not stimulate any of the caspase activities
measured in this study (Figs. 6A, B, and C).
To further confirm the roles of caspase-3 and -9 for
induction of apoptosis by the 2C protein, the whole cell
lysates from the 2C and its mutant-transfected CEB and
Cos-7 cells at 24 h of post-transfection as well as the AEV-
infected CEB cells at 72 h post-infection were determined
Fig. 6. AEV nonstructural protein 2C and its mutant induce activation of
caspase proteases in both Cos-7 and CEB cells. Cells were transfected with
the GFP-2C, GFP-2C mutant, and GFP alone. (A) Cell lysates were
harvested 24 h after transfection and assayed for DEVDase activity using
the caspase-3 colorimetric DEVD-AFC. In addition, cells transfected with
the GFP-2C were treated with the caspase-3 inhibitor (DEVD-CHO). (B)
Cell lysates at 24 h after transfection were assayed for IETDase activity
using the caspase-8 colorimetric IETD-AFC. Simultaneously, the cells
transfected with the GFP-2C were treated with the caspase-8 inhibitor
(IETD-fmk). (C) Cell lysates at 24 h of post-transfection were assayed for
LEHDase activity using the caspase-9 colorimetric LEHD-AMC. In
addition, the cells transfected with the GFP-2C were treated with the
caspase-9 inhibitor (LEHD-CHO). In all the above caspase activity assays,
the GFP alone was used as a negative control to maintain equal plasmid
DNA concentrations for each of the transfections. Values shown are means
from duplicated experiments.
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For caspase-3, a 32-kDa procaspase-3 as well as a 17 kD
active enzyme was detected in the GFP-2C-transfected CEB
(Fig. 7A) and Cos-7 (Fig. 7B) cells, whereas only the 32 kD
precursor caspase-3 was seen in the transfected cells with
the GFP-2C mutant as well as the GFP vector alone (Figs.
7A, B). As caspase-3, a 50-kDa procaspase-9 as well as 34-
and 18-kDa active enzymes were seen in the GFP-2C-
transfected CEB (Fig. 7G) and Cos-7 (Fig. 7H) cells, but
only the 50-kDa precursor caspase-9 was detected and not
cleaved in the transfected GFP-2C mutant and GFP vector
cells (Figs. 7G, H). As seen in the transfected CEB and Cos-
7 cells with the GFP-2C plasmids, the procaspase-3 and
procaspase-9 were also cleaved into the active enzymes 17
kDa (Fig. 7C) and 34 as well as 18 kDa (Fig. 7I) in the
infected CEB cells with the AEV strain L2Z at 72 h,
respectively, whereas only the precursor caspase-3 (Fig.
7C) or precursor caspase-9 (Fig. 7I) was detected in the
mock-infected CEB cells. When the GFP-2C-transfected
and AEV-infected CEB cells were detected for the cleavage
of procaspase-8 by Western blotting, only the 46-kDa
precursor caspase-8 was seen and not cleaved into any
active enzymes in the transfected CEB (Fig. 7D) as well
as Cos-7 (Fig. 7E) cells, or the infected CEB (Fig. 7F) cells,
which was similar to the transfected CEB (Fig. 7D) and
Cos-7 (Fig. 7E) with the GFP-2C mutant or GFP empty
vector as well as the mock-infected CEB cells (Fig. 7F).
These results further demonstrate that the protein 2C could
stimulate the activation of procaspase-3 and procaspase-9
rather than procaspase-8 in the transfected CEB and Cos-7
cells as seen in the infected CEB cells.
Overall, the results indicate that the protein 2C induced
apoptosis in both cell types through an activation of cas-
pase-9 followed by activating the downstream caspase-3
pathway, and its proapoptotic domain was located in the
amino acids between 46 and 80 of the N-terminal domain.
Cytochrome c release from mitochondria caused by 2C
protein
To further assess the mechanism of the apoptosis in-
duced by the 2C protein, the mitochondria and cytosol from
the 2C and its mutant-transfected CEB and Cos-7 cells or
AEV-infected CEB cells were used to demonstrate the
localization of the cytochrome c by Western blotting anal-
ysis. As shown in Figs. 8D and E, the cytochrome c was
localized to the mitochondria and cytosol of the GFP-2C-
transfected cells regardless of the cell type as seen in the
AEV-infected CEB cells (Fig. 8F), whereas they could only
be sequestered in the mitochondria of the cells transfected
with the GFP-2C mutant. The mitochondria and cytosol of
transfected CEB and Cos-7 cells were also assayed for the
localization of the GFP-2C as well as the GFP-2C mutant.
The wild-type 2C could be localized to the mitochondria as
well as the cytosol of the transfected cells, whereas the 2C
mutant was able to locate to the cytosol rather than the
Fig. 7. Cleavage of procaspase-3 and -9 in the transfected CEB and Cos-7 cells as well as AEV-infected CEB cells. Whole cell lysates from CEB and Cos-7
cells transfected with the GFP-2C and GFP-2C mutant at 24 h of post-transfection or CEB cells infected with AEV strain L2Z at 72 h post-infection were
electrophoresed in a 10% (G, H, and I) or 12% (A, B, C, and D, E, and F) SDS-PAGE, transferred to nitrocellulose membrane, and detected by rabbit
antibodies against caspase-3 (A, B, and C), caspase-8 (D, E, and F), and caspase-9 (G, H, and I), respectively. While procaspase-3 (32 kDa) in the transfected
CEB (A) and Cos-7 (B) cells with the GFP-2C plasmids as well as in the infected CEB cells (C) were cleaved to produce 17-kDa (A, B, and C) active enzyme,
procaspase-9 (50 kDa) in the transfected CEB (G) and Cos-7 (H) cells with the GFP-2C plasmids as well as in the infected CEB cells (I) were cleaved to
produce 34- and 18-kDa active enzymes (G, H, and I), whereas only procaspase-3 and -9 could be detected in the transfected CEB (A and G) and Cos-7 cells
(B and H) with the GFP-2C mutant as well as in the mock-infected CEB cells (C and I). However, procaspase-8 (46 kDa) could not be cleaved in the
transfected CEB (D) and Cos-7 (E) cells with the GFP-2C plasmids as well as in the infected CEB cells (F) as seen in the GFP-2C mutant CEB (D) and Cos-7
(E) cells as well as in the mock-infected CEB cells (F). Lysates from CEB and Cos-7 cells transfected with the GFP vector alone as well as mock-infected
CEB cells were indicated as negative controls.
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(Fig. 8A, B). Furthermore, the protein 2C has a similar
localization of mitochondria as well as cytosol to that seen
in the infected CEB cells after post-infection with the AEV
strain L2Z at 72 h (Fig. 8C). Together, the results indicate
that the 2C protein localized in the mitochondria of the
transfected/infected cells triggers the efflux of cytochrome c
into the cytoplasm, which activates series of caspases in
turn induces apoptosis.Discussion
In recent years, several viruses have been shown to
induce programmed cell death, an active cellular self-de-
struction process that plays an essential role in the devel-
opment and homeostasis and also in cell defense against
viral infections (Roulston et al., 1999; Shen and Shenk,
1995; Teodoro and Branton, 1997). Apoptosis often occurs
at late stages of viral infection, which may represent an
Fig. 8. Western blotting analysis of 2C and cytochrome c expression in transfected CEB and Cos-7 cells with the GFP-2C plasmids as well as in AEV-infected
CEB cells. CEB and Cos-7 cells transfected with the GFP-2C and GFP-2C mutant at 24 h post-transfection as well as CEB cells infected with the AEV strain
L2Z at 72 h of post-infection were fractionated into mitochondrial and cytosolic fractions as described in Materials and methods. Equivalent amount of
mitochondrial and cytosolic fractions were electrophoresed and detected by rabbit antibodies against GFP (A and B) and cytochrome c (D, E, and F) or guinea
pig antibody against GST-2C (C), respectively. The wild-type protein 2C could locate to the mitochondria as well as the cytosol in the transfected CEB (A) and
Cos-7 (B) cells with the GFP-2C plasmids as seen in the infected CEB cells (C), whereas the 2C mutant did only locate to the cytosol rather than the
mitochondria (A and B). Furthermore, cytochrome c was located to mitochondria and cytosol of the GFP-2C-transfected CEB (D) and Cos-7 (E) cells as well as
the infected CEB cells (F), whereas it could only be sequestered in mitochondria of the GFP-2C mutant-transfected cells (D and E) as seen in the mock-infected
CEB cells (F). Mitochondrial and cytosolic fractions from CEB and Cos-7 cells transfected with the GFP vector alone as well as mock-infected CEB cells were
indicated as negative controls.
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while evading the host immune system (Teodoro and
Branton, 1997). In addition, apoptosis was also considered
to be functional by eliminating aberrant cells created by
DNA damage or those infected by viral pathogens (Roulston
et al., 1999). Many viral proteins are involved in induction
of apoptosis. Chicken anemia virus VP3 protein (Noteborn
et al., 1994), infectious bursal disease virus VP2 (Fernan-
dez-Arias et al., 1997) and VP5 (Yao and Vakharia, 2001),
Sindbis virus envelope glycoproteins (Joe et al., 1998),
Rubella virus capsid protein (Duncan et al., 2000), poliovi-
rus proteins 3C (Barco et al., 2000) and 2A (Goldstaub et
al., 2000), coxsackievirus B3 VP2 protein (Henke et al.,
2000), and LGTV E protein (Prikhod’ko et al., 2001) have
been shown to induce apoptosis alone in cell culture and
play an important role in viral pathogenesis.
In this study, we demonstrated for the first time that the
nonstructural protein 2C was capable of inducing apoptosis
in the transfected Cos-7 and CEB cells by using DNA
fragmentation analysis, TUNEL assay, and electron micro-
scopic observation. TUNEL-positive cells (Fig. 4) are
clearly visible in both transfected Cos-7 and CEB cells with
the GFP-2C plasmid, which is consistent with the formationof DNA fragmentation as seen in Fig. 3. While the control
cells showed normal morphology, the transfected Cos-7 and
CEB cells exhibited clear signs of apoptosis at 24 and 48
h of post-transfection, including extensive chromatin con-
densation and appearance of apoptotic bodies (Fig. 5). Like
VP3 protein (Liu et al., 2002), the 2C expression induces
apoptosis by directly triggering the internal death signal of
cells, which may also serve as other host defense mecha-
nism against viral proliferation. Furthermore, the results of
the 2C mutant lacking the 35 aa domain of the N-terminal
that did not show any obvious characteristics of apoptosis in
the transfected cells indicated that the 35 aa region might be
a proapoptotic domain of the 2C protein inducing apoptosis.
The 2C-induced apoptosis seems to be caspase depen-
dent, based on its activation of caspase-9 and -3 in the
execution of the apoptotic process. Caspases are the central
players in apoptosis. At least two major pathways for
caspase activation have been delineated, including a path-
way linked to the TNF family of death receptors (‘‘extrin-
sic’’) and a pathway activated by mitochondria (‘‘intrin-
sic’’). The apical proteases in the extrinsic and intrinsic
pathway are caspase-8 and -9, respectively (Salvesen and
Dixit, 1997). No obvious increases in IETD-AFC activity of
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compared to the transfected cells with the GFP vector alone
(Fig. 6B), whereas the results of high activity of LEHD-
AMC that can be inhibited by LEHD-CHO in the GFP-2C-
transfected CEB and Cos-7 cells suggested that the protein
2C triggered apoptosis primarily through mechanisms that
engage the intrinsic pathway at above level of caspase-9.
Caspase-9 directly or indirectly initiates the proteolytic
activities of downstream effector caspases, such as cas-
pase-3. There are significant increases in DEVD-AFC
activities of the transfected CEB and Cos-7 cells when the
wild-type 2C was expressed, which could be inhibited by
DEVD-CHO, indicating that the 2C activated caspase-3 to
induce apoptosis. When downstream ‘‘effector’’ caspase-3
is activated by apoptotic stimuli, it activates a caspase-
activated DNase (CAD), which is present in the cytosol
complexed with its inhibitor of CAD (ICAD). Caspase-3
cleaves ICAD and allows CAD to translocate to the nucleus
and degrade DNA to ultimately produce the characteristic
apoptotic phenotype of cell shrinkage, membrane blebbing,
chromatin condensation, oligonucleosomal DNA fragmen-
tation, and cell death (Budihardjo et al., 1999; Earnshaw et
al., 1999; Janicke et al., 1998). Inactive procaspases are
present in most cells, both normal, nontransformed cells and
transformed or tumorigenic cells (Cryns and Yuan, 1998;
Green, 1998; Nunez et al., 1998; Thornberry and Lazebnik,
1998). Procaspase-3 or -9 was cleaved to produce 17-kDa
active caspase-3 (Figs. 7A, B) or 34 and 18-kDa active
caspase-9 (Figs. 7G, H) when the CEB or Cos-7 cells were
transfected with the GFP-2C plasmids as seen in the AEV-
infected CEB cells (Figs. 7C, I), further indicating that
cleavages of caspase-3 and -9 participated in the 2C-induced
apoptosis. Furthermore, the activation of caspase-3 and -9
was demonstrated to be associated with the specific proa-
poptotic domain of the 2C protein. Recently, we demon-
strated that VP3 protein induced apoptosis in Cos-7 and
CEB cells through a caspase-3-like protease pathway (Liu et
al., 2002). In this study, the 2C not only induced apoptosis
in Cos-7 and CEB cells by activating the effector caspase-3
as VP3 protein, but also by the activation of the initiator
caspase-9 as well. The results showed that the 2C induced
apoptosis through the activation of caspase-9 followed by
activating the caspase-3 pathway.
Release of cytochrome c from mitochondria is a well-
known event in apoptosis that is often required formation of
downstream caspases. Therefore, we investigated whether
cytochrome c is released from mitochondria during the 2C-
induced apoptosis. Cos-7 and CEB cells were transfected
with plasmids encoding the 2C and its mutant or with the
GFP empty vector as a negative control. Twenty-four hours
later, mitochondrial and cytosolic extracts were prepared by
subcellular fractionation and were analyzed by Western
blotting. In cells transfected with the 2C, the cytochrome
c were also located to the cytosol compared to those
sequestered in the mitochondria of cells transfected with
the GFP or the mutant 2C lacking the 35 aa domain (Figs.8D, E), which indicates that cytochrome c is released from
mitochondria during the 2C-induced apoptosis. The release
of cytochrome c from mitochondria into the cytoplasm is
widely accepted as a critical and decisive initial event of
apoptosis (Scarlett et al., 2000). It is well established that
released cytochrome c activates caspase-9 in concert with
the cytoplasmic factors dATP and Apaf-1, and as a result, it
consequently activates caspase-3 (Li et al., 1997). One of
the features frequently observed in apoptotic cells is the
release of mitochondrial cytochrome c into the cytoplasm
(Green and Reed, 1998). This leads to the formation of the
apoptosome whereby caspase-9 is activated, leading to
activation of caspase-3 (Zou et al., 1997). Therefore, this
study demonstrates that cytochrome c, which is released into
the cytosol of the transfected cells from the mitochondria,
activates the initiator caspase-9 followed by activation of the
effector caspase-3 during the 2C-induced apoptosis.
To demonstrate a link of apoptosis program, we decided
to explore whether the 2C protein could directly localize to
the mitochondria of the transfected cells using Western
blotting analysis. As shown in Figs. 8A and B, when the
proapoptotic domain of 35 aa located in the N-terminal of
the 2C protein was deleted, the resultant mutant lost its
ability to localize to the mitochondria of the transfected
cells, indicating that the proapoptotic domain might be
closely associated with the mitochondria. A coiled-coil
domain was further found to be located in the proapoptotic
region of the 2C protein by using computer analysis (data
not shown). The coiled-coil domain might be directly
involved in the viral replication and RNA synthesis through
its interaction with the membrane as seen in the other
picornaviruses (Echeverri and Dasgupta, 1995; Rodriguez
and Carrasco, 1995). Further biochemical fractionation
analysis suggested that the N-terminal region of the protein
2C of poliovirus was required for membrane association
(Teterina et al., 1997a, 1997b). Therefore, the association of
the protein 2C with the mitochondria might play a major
role in the apoptosis induced by the 2C protein. The
mitochondrion is a key organelle that generates cellular
energy and controls apoptosis by releasing death-promoting
proteins factors such as cytochromes c through the outer
mitochondrial membrane into the cytoplasm during the
initiation of the apoptotic process (Everett and McFadden,
2001). Three models have been proposed for the release of
cytochrome c from the mitochondria during apoptosis. One
mechanism involves mitochondria swelling and physical
rupturing of the outer mitochondrial membrane. The second
mechanism involves formation of large ion channel in the
mitochondrial membrane. The third mechanism based on
the mitochondria permeability transition (PT) pore was
proposed to explain release of cytochrome c from the
mitochondria. PT pore is formed and cytochrome c is
released into the cytoplasm, triggering the latent activity
of caspases and produce apoptosis. Hepatitis B virus 
protein localizing to mitochondrion of cultured human
hepatoma cells led to alteration of mitochondrial transmem-
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et al., 2000). Therefore, the association of the 2C with
mitochondrion suggests that it is capable of influencing
mitochondrial functions through its proapoptotic domain of
the N-terminal, leading to the release of cytochrome c into
the cytoplasm, triggering the latent activity of caspases and
produce apoptosis.
In conclusion, the present study demonstrates that the
2C-initiated apoptosis in CEB and Cos-7 cells through the
association of its proapoptotic domain with mitochondrion
of the transfected cells, followed by a release of cytochrome
c into the cytosol, results in activation of the initiator
caspase-9 subsequent activation of the effector caspase-3,
thus leading to cellular destruction.Materials and methods
Cells and virus
Primary chick embryo brain (CEB) cells were prepared
from 12-day-old specific pathogen-free (SPF) embryonated
eggs as described previously (Nicholas et al., 1987; Sato et
al., 1971). The primary CEB cells were maintained in
growth medium consisting of MEM supplemented with
10% fetal bovine serum (FBS), 5% L-glutamine, 100 U/ml
of penicillin G, and 100 Al/ml streptomycin at 37 jC in a
humidified 5% CO2 incubator. The monolayer CEB cells
after 7–8 days post-seeding were used for subculture.
Secondary CEB cells from subculture were used for tran-
sient expression of recombinant plasmids. Cos-7 cells, used
for transient expression assay, were maintained in Dulbec-
co’s modified Eagle medium (DMEM) (GIBCO) supple-
mented with 10% fetal bovine serum (FBS) and 100 U/ml of
penicillin G, and 100 Al/ml streptomycin at 37 jC in a
humidified 5% CO2 incubator. AEV virulent strain L2Z was
isolated from a broiler flock with immune failure and
titrated in SPF chick embryos as described (Liu et al., 1998).
Preparation of mono-specific antibody against 2C protein
of AEV
Viral RNA from chicken embryo brain tissue infected
with AEV strain L2Z was extracted for reverse transcription-
polymerase chain reaction (RT-PCR) of 2C gene. The pair
of primers for the amplification of 2C gene was derived
from the genome of the AEV vaccine strain 1143 (Marvil et
al., 1999). The sense primer and the antisense primer were
pEGX-2C(5): 5V-GCGTCGACGGACTTTCTGAGA-
ATAAACCAAG-3Vand pEGX-2C(3): 5V-ATTTGCGG-
CCGCCTGCGCCCAATACTGTATGATG-3V, respectively.
To facilitate cloning of the PCR fragment, SalI and NotI
restriction enzyme sites (underlined) were incorporated into
the forward and reverse primer sequences, respectively. The
digested DNA fragment was cloned into expression vector
pGEX4T-3 (AMRAD), and the GST-fusion protein wasinduced and purified by standard techniques as recommen-
ded by the manufacturer.
To produce specific antibody against the 2C protein, two
female guinea pigs were administered intramuscularly with
200–250 Ag of the purified protein emulsified with adjuvant
MONTANIDE ISA 70 (Seppic, Paris, France). Guinea pigs
were boosted twice with the same quantities of antigen
emulsion at 2-week intervals. Ten days after the final
booster injection, the animals were bled, and the antibody
titers and specificity were determined by Western blotting
with E. coli-expressed AEV antigen.
Construct of eukaryotic recombinant plasmids and
transfections
The nonstructural protein 2C of AEV strain L2Z was
cloned into the E. coli vector pGEX4T-3 and completely
sequenced. The sequence of the 2C full-length has been
deposited into the GenBank at accession number,
AY275539. No insert or deletion was found in the
sequence when compared with the strain 1143 (Marvil et
al., 1999). To prepare recombinant eukaryotic expression
plasmids, the coding sequence of 2C and its mutant gene
were amplified by PCR reaction using two pairs of
oligonucleotide primers from plasmids pGEX4T-3-2C.
The following primers were used to amplify the two
genes, respectively: GFP-2C(5), 5V-CCCAAGCTTC-
CGATGGGACTTTCTGAGATAAACCAA-3V, and GFP-
2C(3), 5V-GGGGTACCCTGCGCCCAATACTGTATGATG-
3V; GFP-mutant 2C(5), 5V-CTGGGCCCACTGGATTTTCT-
TACCATGTTC-3V, and GFP-mutant 2C(3), 5V-ATACAGT-
CAGTCATTAGGGGTGAAGAATC-3V. The HindIII/KpnI
fragment 2C and its mutant were directionally cloned
between HindIII/KpnI sites of eukaryotic expression vector
pEGFP-C1 (Clontech), downstream of the human cyto-
megalovirus (HCMV) promoter, to obtain GFP-2C and
GFP-mutant 2C, respectively. They were sequenced to
confirm that no errors were introduced as a result of
PCR amplification.
In vitro expression of the GFP-2C and GFP-mutant 2C
constructs was tested in transient expression experiments
using Cos-7 and CEB cells. Cos-7 or CEB cells, grown in
25  25 mm flasks, were transfected with GFP vector only,
GFP-2C, or GFP-mutant 2C (2 Ag of plasmid per flask),
using LipofectaminePlus (GIBCO/BRL, USA), as described
in the manufacturer’s protocol. After 24 h of post-transfec-
tion, the expression of 2C and its mutant was directly
observed under a fluorescence microscopy and further
confirmed by immunoblotting analysis using guinea pig
anti-GST-2C polyclonal antibody as produced above.
TUNEL assay
Apoptosis was detected using the DeadEnd Colorimetric
TUNEL System Kit (Promega, USA) following the instruc-
tions of the manufacturer. Briefly, Cos-7 or CEB cells
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pEGFP-C1 vector alone, GFP-2C, or GFP-2C mutant (0.5
Ag of plasmid per well) as described above. At 24 and 48
h of post-transfection, cells were fixed with 4% parafor-
maldehyde and permeabilized with 0.5% Triton X-100 at
room temperature (RT). After equilibration for 10 min at
RT, the equilibrated areas were overlaid with 100 Al of
terminal deoxynucleotidyltransferase (TdT) incubation buff-
er and incubated at 37 jC for 60 min. Reaction were
stopped by immersing in 2 SSC (1 SSC is 0.15 M
NaCl plus 0.015 M sodium citrate) for 15 min at RT. After
washing 3 times, the slides were immersed in 0.3% hydro-
gen peroxide for 3–5 min at RT. Subsequently, the slides
were washed 3 times and then incubated with the strepta-
vidin HRP solution 1:500 in PBS for 30 min at RT. After
washing 3 times, the slides were stained with DAB sub-
strate for 10 min and the reaction was stopped by rinsing
into distilled water. Finally, the slides were examined under
a light microscopy.
DNA fragmentation analysis
Low-molecular-weight DNAwas extracted from approx-
imately 106 cells, as previously described (Eleouet et al.,
1998; Saeki et al., 1997), with slight modifications. Briefly,
transfected Cos-7 or CEB cells were scraped at 24 and 48
h of post-transfection and centrifuged at 1000  g for 10
min and cell pellets pooled. Pellets were washed in PBS,
resuspended in 500 Al of ice-cold lysis buffer (10 mM Tris,
pH 7.5, 10 mM EDTA, 0.2% Triton X-100), and incubated
on ice for 30 min. Lysates were centrifuged at 10000  g at
4 jC for 10 min, and supernatants were extracted once with
buffered phenol, once with buffered phenol–chloroform,
and once with chloroform–isoamyl alcohol (24:1, v/v).
DNA was ethanol precipitated with 500 mM NaCl. DNA
samples were resuspended in 15 Al of sterile water and
treated for 30 min at 37 jC with RNase A at a final
concentration of 0.5 Ag/Al, and half of the sample was run
on a 2% agarose gel in 1 Tris–borate–EDTA buffer and
stained with ethidium bromide.
Indirect fluorescence assay
For infection, CEB cells grown on the chamber slides
(IWAKI) were incubated with AEV strain L2Z for 45 min at
37 jC at 1000 50% embryo infection dose (EID50) and
added to MEM for incubation. Following the incubation at
37 jC, cells at 72 h of post-infection were washed with PBS
and fixed for 30 min at RT with 4% paraformaldehyde in
PBS. After fixation, the cells were blocked by PBS-T with
1% BSA at RT for 1 h. Primary antibody, anti-2C antibody,
was diluted in PBS-T and incubated with the cells for 1 h at
RT. After washing with PBS, the cells were incubated with
goat anti-guinea pig FITC-conjugated (DAKO, Denmark)
diluted in PBS-T for 1 h at RT. The cells were washed three
times with PBS, rinsed in dH2O, dried and mounted withfluorescence mounting media, and examined using a fluo-
rescence microscopy.
Preparation of whole cell lysates, mitochondria, and
cytosolic extracts
CEB or Cos-7 cells grown in 75  75 mm flasks at 24
h of post-transfection or 72 h of post-infection were col-
lected by centrifugation at 600  g for 10 min. For whole
cell lysates preparation, the cell pellets were washed twice
with ice-cold PBS (pH 7.4) and lysed by vigorous vortexing
in 100 Al of 6 M guanidine hydrochloride containing 250
mM Tris–HCl (pH 8.5), 10 mM EDTA, 150 mM h-
mercaptoethanol, and 1 mM phenylmethylsulfonyl fluoride
(PMSF), and prepared for electrophoresis as previously
described (Kottke et al., 2002; Martins et al., 1997). Mito-
chondrial and cytosolic extracts were prepared at 4 jC by a
minor modification of recently reported methods (Kottke et
al., 1999, 2002); the cell pellets were washed twice with ice-
cold phosphate-buffered saline (pH 7.4) and resuspended
with 400–500 Al of buffer A (250 mM sucrose, 20 mM
HEPES, 10 mM KCl, 1.5 mM MgCl2, 1 mM EDTA, 1 mM
EGTA, 1 mM dithiothreitol, 1 mM PMSF, pH 7.5). The
cells were homogenized in a glass Dounce homogenizer
with 20–40 strokes. The homogenates were centrifuged
twice at 800  g for 10 min at 4 jC. Supernatants were
centrifuged at 10000  g for 15 min at 4 jC, and the
resulting mitochondrial pellets were resuspended in buffer
A. The supernatants of the 10000  g spin were further
centrifuged at 100000  g for 1 h at 4 jC, and the resulting
supernatants (cytosolic extracts) were frozen as aliquots at
 80 jC for subsequent experiments. Supernatants and the
pellets were subjected to SDS-polyacrylamide gel electro-
phoresis (SDS-PAGE) and immunoblotting.
Western blot analysis
For the analysis of caspase-3, -8, and -9 proteins, the
whole cell lysates were resolved on 10% or 12% SDS-
polyacrylamide gel electrophoresis (SDS-PAGE) depending
on the size of proteins and blotted onto nitrocellulose (NC)
membranes (Stratagene) with a semidry transfer cell (Bio-
Rad Trans-Blot SD). The membranes were blocked for 2 h at
RT in blocking buffer TBST (20 mM Tris–HCl, pH 7.4, 150
mM NaCl, 0.1% Tween-20) containing 5% skim milk
powder to prevent nonspecific binding, and then incubated
with rabbit anti-caspase-3, caspase-8, or caspase-9 antibod-
ies (Santa Cruz Biotechnology, Inc.) at RT for 2 h. For the
2C and cytochrome c detection, protein samples from the
mitochondrial pellets and supernatants were resolved on
10% or 12% SDS-PAGE and transferred to NC membranes
as described above. The rabbit anti-GFP antibody (Molec-
ular Probes, USA) diluted in blocking buffer (1:500 to
1:1000) or rabbit anti-cytochrome c antibody diluted in
blocking buffer (1:500) (Santa Cruz Biotechnology, Inc.)
was used to detect 2C or cytochrome c, respectively. Then,
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incubated for 1 h at RT with horseradish peroxidase-conju-
gated anti-rabbit secondary antibody (DAKO) diluted in
blocking buffer (1:5000). After washing, the membranes
were subjected to enhanced chemiluminescence (ECL)
(Amersham Pharmacia Biotech) detection procedure.
Western blotting analysis was also carried out to deter-
mine the expression of protein 2C in the transfected CEB
and Cos-7 cells at 24 h of post-transfection or AEV-infected
CEB cells at 72 h of post-infection. After incubation with
anti-guinea pig antibody against GST-2C protein, the trans-
ferred membranes were incubated with HRP-conjugated
anti-guinea pig IgG secondary antibody (DAKO). The other
procedures were similar to the above mentioned.
Fluorimetric assay of caspase activity
Spectrofluorometric assays of proteolytic activity were
carried out using synthetic fluorogenic substrates 7-amino-
4-trifluoromethyl coumarin (AFC) to measure caspase-8 or -
3 activity or 7-amino-methyl coumarin (AMC) to measure
caspase-9 activity. BD ApoAlert Caspase Flouorescent
Assay Kits (Clontech Laboratories, USA) were used to
determine caspase-3, -8, and -9 activities. In brief, 80%
confluent monolayers of Cos-7 or CEB cells grown on
25  25 mm flasks were transfected with 2 Ag of GFP-2C,
GFP-2C mutant, or GFP vector alone. After 24 h of post-
transfection, cells were harvested at 400  g for 5 min. Cells
(2–3  106) were lysed in 50 Al of lysis buffer on ice for 10
min and centrifuged at 16000  g for 10 min, and the
supernatant was collected. A 50-Al supernatant was added to
an equal volume of 2 reaction/DTT buffer supplemented
with caspase-3 substrate DEVD-AFC (50 AM), caspase-
8 substrate IETD-AFC (50 AM), or caspase-9 substrate
LEHD-AMC (250 AM), and incubated at 37 jC for 2 h.
The optical densities at 400 nm for caspase-3 and -8 and at
380 nm for caspase-9 were determined. The nanomoles of
AFC or AMC (released) expressed per hour was calculated
from the standard curve.
Electron microscopy
Transfected Cos-7 or CEB cells (2–3 106) were
scraped at 16, 24, and 48 h post-transfection and centrifuged
at 1000  g for 10 min at 4 jC. Pellets were washed in PBS
and fixed in 2.5% glutaraldehyde. Subsequently, the cells
were post-fixed in 1% OsO4 and embedded in EPON-812.
Ultrathin sections were cut and examined under Hitachi H-
700 electron microscopy.Acknowledgments
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